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Abstract 
This paper provides a methodology that allows to estimate in a limited time the optimal number and location of CO2-injector 
wells for a given reservoir. A quality map, based on intrinsic properties of the reservoir, helps to build a sampling of well 
coordinates, chosen denser in the potentially good regions to inject CO2, and looser otherwise. Each of these sampled well 
coordinates are simulated with the help of a reservoir simulator. The results given by these elements are then interpolated by 
kriging and allow to determine the best position and number of injection wells. 
© 2013 The Authors. Published by Elsevier Ltd. 
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Introduction 
The goal of this paper is to describe a semi-automatic methodology in order to evaluate on numerical models an 
optimal number and position of injector wells before to inject CO2 in an aquifer. By taking into account the cost of a 
well bore, reducing the number of wells to inject the required amount of CO2 without damaging the cap rock is 
essential for a project. Once an accurate numerical reservoir model of a site has been created, reservoir engineers 
need to find with the help of fluid flow simulators into porous media the best injector wells location to: 
x maximize the injectivity of each well for minimizing the total number of wells 
x minimize the increase of pressure in the reservoir due to CO2 injection for ensuring a proper cap rock integrity 
x manage the CO2 plume flow within the reservoir 
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Usually, the experience of the engineers, an analysis of the petrophysical data as well as a try and error method is 
used to evaluate the best wells location. A drawback of such an analysis is that engineers are never sure that the 
optimal solution has been found more specially if several wells are needed. An alternative direct method aiming at 
simulating all the different CO2 injector position could be used to find the most suitable well location. However, this 
method could be very time-consuming depending on the size of the model and the number of combinations. The 
philosophy of that prototype consists in combining an experimental approach with petrophysical analysis and an 
automatic well injector location research. It aims at limiting the number of numerical simulations to run by focusing 
the wells position seek on the most relevant injection areas and to ensure that all potential best well locations have 
been simulated.  
In order to operate on a limited time and so to restrict the number of simulations to run, the methodology is 
conducted into three steps. The first step consists in the creation of a quality map built on the observation of a few 
intrinsic properties of the reservoir which allows determining the best regions to inject carbon dioxide. Then, several 
simulations are run by locating CO2 injectors on these previous potential best regions. A third step results in the use 
of a kriging method to extrapolate the results on non-simulated wells location. 
This methodology has been tested on a 26 x 26 x 10 simplified aquifer model, illustrated on Figure 1. This test case 
is an anticlinal reservoir that presents important heterogeneities of permeabilities and porosities, in the vertical 
direction particularly. 
All the results and figures presented in this paper are based on this example (Figure 1). 
 
Figure 1: Case used to test the methodology. 
Vertical permeability in mD (top-right corner), Porosity (bottom-left corner) and Hydrostatic Pressure in bar (bottom-right corner) 
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Nomenclature 
z i,j          Gradient of depth of the (i,j) cell 
zi,j              Depth of the (i,j) cell (m) 
T         Transmissivity (mD) 
Kx         Horizontal permeability (mD) 
Φ         Porosity 
KZH         Vertical permeability/ horizontal permeability ratio 
dzi,j,k                      Height of the cell (i,j,k) (m) 
dx              Length of the cell in the X direction 
dy         Length of the cell in the Y direction 
QM(i,j,k)       Value of the linear combination of the parameters of interest in the (i,j,k) cell 
QMth(i,j,k)     Value of the (i,j,k) that determines whether a cell is a good injection zone 
QM2D(i,j)       Value of the (i,j) cell which is the base of the discrete quality map  
QM2Dbis(i,j)    Value of the (i,j) cell which is the base of the discrete quality map 
P                    Overpressure (bar) 
%CO2         Percentage of CO2 that flows out of the boundaries of the storage zone (Sm3) 
Xn         X value normalized, X being an arbitrary value 
 
1. Creation of a quality map 
The analysis of the intrinsic properties of the reservoir is primordial for engineers in order to evaluate the best 
injection zones in an aquifer. By identifying the principal parameters that have a strong impact on the way the 
carbon dioxide flows into the porous medium, a quality map can be created. 
 
1.1. Choice of the parameters of interest 
The first stage consists in determining the most relevant properties of the reservoir to characterize the zones of the 
aquifer which induce acceptable overpressures while injecting the required amount of CO2. Four petrophysical and 
geometrical parameters appear to be pertinent 
x The horizontal permeability: it characterizes the ability of a fluid to flow in a same layer of the reservoir. A 
good permeability induces a good displacement of the carbon dioxide in the aquifer, avoids a local 
accumulation of this one and limit the increase of pressure. 
x The porous volume: it represents the ability for the reservoir to host a fluid. Consequently, the porosity plays an 
important role in CO2 accumulation and the increase of overpressure.  
x The dip: as a gas (or supercritical fluid, at reservoir conditions), the carbon dioxide is lighter than the fluid in 
place, and so will be more likely to migrate at the top of the reservoir and to accumulate in anticlinal zones, 
which are characterized by a gradient of the depth close to zero. That is why it is not advised to inject in zones 
which have low gradient of depth because there is a risk for the CO2 to quickly accumulate and create important 
overpressures. The modulus of the gradient of depth, which has been discretized, is used for this cartography: 
for a given cell, it is based on a difference of depth of its four neighbours . The equation is given below: 
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Where zi,j is the depth of the cell which has the coordinates (i,j) for a fixed layer. 
x The vertical transmissivity: it characterizes the ability for a fluid to flow from one layer to another. This 
parameter is very important in that study because the carbon dioxide will be likely to migrate to the top of the 
reservoir by flowing through the different layers. This property is based on the equation below: 
1
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Where Ti,j,k is the transmissivity between the (i,j,k) cell and the (i,j,k+1) cell, and αi,j,k a function defined as: 
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Where dzi,j,k is the height of the (i,j,k) cell, KZH is the ratio between vertical and horizontal permeabilities and KXi,j,k 
is the permeability of the (i,j,k) cell in the X direction, dx and dy are the lengths of the (i,j,k) cell in the X and Y 
directions respectively. 
 
1.2. Parameters combination and quality map 
These four elements compose the basis of the creation of a quality map: this item is a two-dimension representation 
of a combination of those parameters in the reservoir. Such a cartography enables to identify the relevant zones of 
the aquifer to inject carbon dioxide. The four elements are thus normalized and combined linearly as followed: 
 
),,(),,(),,( )(),,()(),,( kjinkjinkjinn dKcTbkjizakjiQM X I     (4) 
Where nz)( (i,j,k), Tn (i,j,k), (Kx)n(i,j,k) and Φn (i,j,k) are respectively the values in the (i,j,k) cell of the normalized 
dip, transmissivity, horizontal permeability and porosity. 
The coefficients a, b, c and d allow to weight the different parameters. It enables the user to put forward one or 
several parameters among the others. 
The following step aims at determining a threshold in order to define the frontiers of the relevant zone to inject CO2. 
This reference value, fixed by the user, can be chosen by two different manners: 
x Comparing, for each cell, the value of the linear combination (QM) to this reference, two zones can be found 
out: the cells which have a linear combination superior to the given threshold, that represent the areas where it is 
potentially interesting to inject CO2, and the others. A value QMth(i,j,k) is thus attributed to each (i,j,k) cell, such 
as: 
ܳܯ௧௛ሺ݅ǡ ݆ǡ ݇ሻ ൌ  ൜ͳ݂݅ሺ݅ǡ ݆ǡ ݇ሻ݈݈ܿ݁݅ݏ݅݊ݐ݄݁݅݊ݐ݁ݎ݁ݏݐ݅݊݃ݖ݋݊݁Ͳ݂݅݊݋ݐ     (5) 
x Sometimes it can be more relevant to fix the size of the zone of interest, in order to limit the number of 
simulations. In that case, the threshold allows to identify the best zone of the reservoir and also takes into 
account the number of cells in the zone of interest. 
The quality map is finally achieved by superimposing the information of the different layers to transform the 
tridimensional initial model into a bidimensional cartography, as followed:  
x The values of each layer are summed by column to obtain the quality map: for each (i,j) cell is attributed the 
value QM2D(i,j) such as: 
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ܳܯଶ஽ሺ݅ǡ ݆ሻ ൌ σ ܳܯ௧௛ሺ݅ǡ ݆ǡ ݇ሻ௞          (6) 
x A new threshold is thus created to delimit the final area of interest: all the cells having a QM2D value superior or 
equal to this reference are considered as part of the zone of interest to inject carbon dioxide. On the example 
given by the Figure 2.a, the threshold value has been chosen equal to 1.  
 
A second method to build a quality map is also used in this paper: this cartography is not based on the use of a 
threshold, and is created by summing the values of the linear combination for each layer. It is assigned for each cell 
(i,j) a value QM2Dbis(i,j) such as: 
 
ܳܯଶ஽௕௜௦ሺ݅ǡ ݆ሻ ൌ σ ܳܯሺ݅ǡ ݆ǡ ݇ሻ௞          (7) 
In that case, there is no clearly defined zone of interest, but a continuous map giving the regions that have a higher or 
lower probability to be good CO2-injection locations. The Figure 3 gives an example of such a cartography. 
 
2. Limited number of simulations to run 
The following stage consists in selecting a sample of well positions, focusing on the most relevant injection areas of 
the reservoir. Two methods are proposed in this article to generate a set of favorable well locations, that are all 
simulated with a fluid flow simulator in a second time.  
This part is primordial because the accuracy of the final result (location and number of CO2-injector wells) directly 
depends on it.  
 
2.1. K-Means sampling 
The K-Means is an algorithm that allows to group into a given number of clusters the elements of a population that 
have similarities, regarding to a given property. It is used in this methodology to create a pseudo-random 
distribution of the samples, chosen denser in the zone of interest (delimited by the quality map with threshold –
QM2D) and looser otherwise. 
In the context of the study, this algorithm is firstly used to divide the relevant region concerning CO2 injection into 
geographical clusters, as presented on the Figure 2.b. In each group, a number of samples proportional to its size is 
randomly drawn, as presented on the Figure 2.c. 
The next stage consists in applying the same procedure to the second region of the quality map, that presents a lower 
interest regarding to the injection of carbon dioxide. It is illustrated by Figure 2.d and Figure 2.e. 
In that approach, the user previously chooses the total number of samples needed and the fraction drawn in the 
region of interest. On the example presented on the Figure 2, a total number of 24 samples, with 80% in the zone of 
interest, is drawn: the Figure 2.f illustrates the final set, composed of 19 elements (79%) randomly scattered in the 
relevant region, and 5 other elements (21%) that sample the rest of the map. 
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Figure 2: Description step by step of the K-Means sampling method 
 
2.2. Modified Latin hypercube sampling 
This classic method consists in the creation of a random sampling, with a constrain that the distance between each 
sample be maximized. In the case of this study, the probability for a cell to be part of the sampling has been 
weighted by its potentiality to be a good CO2-injector well location.  
In order to avoid problems of continuity, the weight calculation is based on the regular quality map (QM2Dbis). An 
example of such a sampling is illustrated on the Figure 3. 
 
 Nicolas Maurand and Vincent Barrere /  Energy Procedia  63 ( 2014 )  3097 – 3106 3103
 
Figure 3: Example of sampling obtained by the modified Latin hypercube method 
 
The coloured lines represent the contour lines associated to the potentiality for a zone to be a good injector well 
location: the redder the line is the more probable it is to be a good injection location: it is observed that the sampling 
is denser in these regions, as wanted initially. 
 
3. Kriging method 
All the samples represent a well location and CO2-injection simulations are then launched for each case. The final 
part resides in the interpolation of the results given by the limited number of simulations to all the non-simulated 
cells, and to the prediction of the position and number of wells needed to inject a given quantity of CO2 in the 
aquifer. 
 
3.1. Criterion of choice 
A good injection well is firstly characterized by the limited maximal overpressure in the reservoir induced by the 
injection of CO2. Another important parameter to take into account is to ensure that the carbon dioxide will not 
migrate out of the boundaries of the defined storage zone.  
A parameter f that depends on these two key properties has been created in order to be the choice criterion that helps 
to determine the location of a good injector well. It is defined as followed: 
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Where %CO2 is the percentage of CO2 injected that migrates out of the storage zone, P is the maximal overpressure 
in the reservoir and n a coefficient determined such as f quickly increase as %CO2 augments.  
Thus, a good injector well is characterized by a low value of the parameter f . Indeed, if no CO2 flows out of the 
region, f=P and the determining property is the maximal overpressure induced by the injection of carbon dioxide in 
the reservoir. On the other hand, if a non-negligible quantity of injected gas flows out of the storage area, the 
parameter f takes high values and prevents the well to be considered as a good injector location. 
 
3.2. Interpolation and increments 
For each simulation initially launched, the parameter f is determined, affected to the injection well location 
simulated and then interpolated to the whole map by kriging (see Figure 4.a). Locating the minimal value allows 
then to determine the position of the best CO2-injector well given by the interpolation. In order to ensure that the 
potential best well location has been effectively simulated (and not interpolated by kriging), this point is added to 
the initial sampling and the process is reiterated up to converge towards a given simulated value. 
The Figure 4.a and Figure 4.b illustrate this concept. A sampling based on a quality map is generated initially, as 
presented by the Figure 4.a. The interpolation of the parameter f by kriging indicates that the minimal value is 
located for the cell (18;15), location non simulated by the well location seek. This point is thus added to the initial 
set of coordinates, as highlighted by the Figure 4.b (this point is circled in red). The second interpolation indicates 
that the location of the minimum value is the cell (18;14). By integrating this point to the sampling and repeating the 
routine a third time, the process finally converges towards this last value: the position of the best well is located at 
the cell (18;14). 
 
The final stage of this methodology aims at finding the minimum number of wells needed to inject a given quantity 
of CO2. Important hypothesis of this model are to assume that all the wells are vertical, perforated all along the 
reservoir with a flux function of the layer transmissivity and inject the gas at the same rate. The proposed approach 
is based on the comparison of the maximum overpressure in the reservoir obtained for the best well position to a 
critical overpressure of the cap rock, determined separately by a geomechanical approach. If the injection of gas in 
the reservoir induces a pressure that is superior to this mechanical limit, the storage of the carbon dioxide cannot be 
done with an unique well. The programme thus fixes the position of the best well, and looks for the location of the 
second one with the same method of interpolation explained before. While this condition on pressure is not met, a 
routine increments the number of wells.  
This process is pointed up by the Figure 4.b and Figure 4.c: in this example, a critical overpressure of 10bar has 
been assumed in the whole reservoir. The Figure 4.b indicates that the best well induces an overpressure close to 
14bar by injected the required quantity of carbon dioxide. The position of the first well is thus fixed to the cell 
(18;14) and a second well position is sought by kriging: the program finds that the second well position is at the cell 
(8;8) level. 
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Figure 4: (a) Example of sampling; (b) result of the kriging interpolation: the point circled in red has been added to the initial sampling, and the 
position of the best injector well is marked in red; (c) results given by the the incrementation of the number of wells ( two injection wells): In 
black dots, the samples, and in red dots, the location of the injection wells. 
 
Results and Conclusion 
To validate this methodology, it is mandatory to compare the results obtained to a solution of reference, that is to say 
when all injection well locations have been simulated, by restricting to the hypothesis made on the injector wells  
Limiting our study to the coordinates of the wells between the fifth and the 19th cell on X and Y, a total number of 
225 simulations is previewed (15*15) to launch all the cases possible for one well, but 25200 simulations to run all 
the possibilities for two wells (225*224/2), 5619600 for three wells, etc… Indeed, in the methodology developed, 
the best well is fixed in order to find the position of the second well, and the process is reiterated up to find an 
overpressure that is sufficiently low to fit with the critical rupture of the cap rock, but nothing implies that the best 
solution found for one well is also part of the best solution for two wells, as well for the case with three wells, etc…  
Nevertheless, as this complete study is very time-consuming, all the simulations have been launched for the case 
with one well, but only 5000 simulations were run for the case with two wells, that correspond to 20% of all the 
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cases possible: even if the best result is not exactly found, this high number of simulations can give a good 
approximation of the best solution that can be proposed. 
 
The complete simulation gives after 225 simulations (34 minutes) a minimum overpressure of 14.51 bar for one 
well, and after 5000 simulations (8 hours) a result of 8 bar for two wells, whereas the method of optimization gives 
after 24 simulations (4 minutes) a minimum overpressure of 14.96 bar for one well and after 50 simulations (less 
than 10 minutes) a result of 8.5 bar for two wells. 
The prototype of optimization thus gives similar results to the complete simulation regarding to overpressure. It is 
also important to note that the best well location ((19;15) coordinates) found with the prototype of optimisation is 
very close to the effectively best well location ((19;14) coordinates). The same observation is made for the case with 
two wells, where the coordinates (19;16) and (6;5) have been found for the complete simulation while the prototype 
located the coordinates (19;15) and (8;8).  
 
In conclusion, the results obtained give a very good approximation of the optimal position and number of injector 
wells needed to inject a required quantity of carbon dioxide in a limited time. 
 
